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DYRK1A-mediated PLK?2 phosphorylation regulates
the proliferation and invasion of glioblastoma cells
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Abstract. Polo-like kinases (PLKs) are a family of serine-
threonine kinases that exert regulatory effects on diverse
cellular processes. Dysregulation of PLKs has been impli-
cated in multiple cancers, including glioblastoma (GBM).
Notably, PLK2 expression in GBM tumor tissue is lower
than that in normal brains. Notably, high PLK?2 expression
is significantly correlated with poor prognosis. Thus, it
can be inferred that PLK?2 expression alone may not be
sufficient for accurate prognosis evaluation, and there are
unknown mechanisms underlying PLK?2 regulation. In the
present study, it was demonstrated that dual specificity
tyrosine-phosphorylation-regulated kinase 1A (DYRKI1A)
interacts with and phosphorylates PLK2 at Ser358.
DYRKI1A-mediated phosphorylation of PLK?2 increases
its protein stability. Moreover, PLK?2 kinase activity was
markedly induced by DYRKI1A, which was exemplified
by the upregulation of alpha-synuclein S129 phosphory-
lation. Furthermore, it was found that phosphorylation
of PLK2 by DYRKI1A contributes to the proliferation,
migration and invasion of GBM cells. DYRKIA further
enhances the inhibition of the malignancy of GBM cells
already induced by PLK2. The findings of the present
study indicate that PLK2 may play a crucial role in GBM
pathogenesis partially in a DYRK1A-dependent manner,
suggesting that PLK2 Ser358 may serve as a therapeutic
target for GBM.
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Introduction

Gliomas are tumors arising within the brain and the spinal cord,
among which glioblastoma (GBM) is widely acknowledged as
the most malignant tumor (1). Despite significant advances in
understanding of GBM tumorigenesis and treatment over the
past few decades, patients with GBM continue to face dismal
outcomes, characterized by high recurrence rates and rapid
disease progression (2). Therefore, it is imperative to further
explore the underlying mechanisms of GBM pathogenesis to
improve patient prognosis.

Therapeutics targeting kinases have shown promise as
an efficacious treatment for a variety of cancers, given the
high correlation between those kinases and the initiation and
progression of certain cancers (3). To date, several kinase
inhibitors have been approved by the U.S. Food and Drug
Administration for clinical use in cancer treatment (4,5). Polo-
like kinases (PLKs) comprise a protein family that selectively
binds to and phosphorylates substrates on specific motifs
recognized by the POLO box domains. The PLK family
consists of five members, among which PLK?2 has been impli-
cated as a potential tumor suppressor. PLK2 downregulation
has been observed in several types of cancers, including breast
cancer, GBM, HPV* head and neck squamous cell carcinoma,
kidney chromophobe, lung adenocarcinoma, lung squamous
cell carcinoma, prostate adenocarcinoma and uterine corpus
endometrial carcinoma. However, PLK2 upregulation has
also been detected in cholangiocarcinoma, colon adeno-
carcinoma, esophageal carcinoma, kidney renal clear cell,
kidney renal papillary cell carcinoma, pheochromocytoma
and paraganglioma, stomach adenocarcinoma and thyroid
cancer on TIMER2.0 (Fig. 1A; http://timer.cistrome.org/).
These data indicate multifaceted roles of PLK?2 in different
cancers. Furthermore, recent findings have identified PLK2
as a novel biomarker for the prognosis of human GBM (6).
The PLK2/Notch axis may be closely linked to the develop-
ment of acquired resistance to temozolomide in GBM (7).
Consequently, further investigation is necessary to compre-
hensively understand the role of PLK2 in GBM tumorigenesis.

Dual specificity tyrosine-phosphorylation-regulated
kinases (DYRKSs) constitute a group of evolutionarily
conserved kinases that induce phosphorylation on tyrosine,
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serine and threonine residues. A total of five members have
been identified, including DYRK1A, DYRKI1B, DYRK?2,
DYRK3 and DYRK4. DYRKSs are known to phosphory-
late a broad range of proteins involved in diverse cellular
processes (8). Abnormal expression or activity of DYRKI1A
has been implicated in the development of numerous cancers,
including B-cell acute lymphoblastic leukemia, hepatocel-
lular carcinoma and glioma (9-11). DYRKI1A inhibitors have
been approved for the treatment of certain types of cancer,
such as metastatic breast cancer (12). The role of DYRKIA is
complex, and whether DYRKI1A employs tumor suppressive
or oncogenic activities is most likely dependent on its specific
substrates. For instance, DYRKI1A exerts a tumor-promoting
effect by phosphorylating various transcription factors,
including Glil and STAT3 (13,14). Conversely, DYRKI1A
may maintain its antitumor effect by activating ASK1 (15).
The precise role of DYRK1A in GBM pathogenesis has yet to
be fully elucidated. In the present study, it was demonstrated
that DYRK1A phosphorylates PLK2 at Ser358. DYRKI1A-
mediated phosphorylation of PLK2 enhances both protein
stability and kinase activity. Introduction of PLK?2 leads to
a significant decrease in glioma cell malignancy, which is
further weakened in the presence of DYRKI1A. These results
suggested a potential contribution of DYRKI1A-mediated
PLK2 phosphorylation to glioma pathogenesis.

Materials and methods

Dataset acquisition. The transcriptome sequencing data
and corresponding clinical data of primary GBM were
procured from The Cancer Genome Atlas (TCGA) database
(https://portal.gdc.cancer.gov/). The present study utilized the
TCGA GBM cohortcomprising 169 tumor samples and 5 normal
brain samples to analyze differentially expressed genes (DEGs)
using count data. Additionally, PLK?2 expression across cancers
was evaluated using the TIMER2.0 website. The GSE68848,
GSE16011 and GSE4290 datasets downloaded from the Gene
Expression Omnibus database (GEO; https://www.ncbi.nlm.
nih.gov/geo/) were employed to further validate the expression
of PLK2 (16-18). Overall survival (OS) information was also
acquired from the datasets for prognostic evaluation. Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) was used
for multiple sequence alignment.

Identification of differentially expressed genes and func-
tion analysis. Differentially expressed genes were identified
as previously described (19). DEGs between GBM tissues
and normal brain tissues were analyzed using the ‘limma’,
‘edgeR’ and ‘DESeq2’ R packages with the cutoff criteria
of llog2FCl=1 and P<0.05. The raw count data of the TCGA
GBM cohort were employed as the input for limma, edgeR
and DESeq2. Volcano plots were generated to display DEG
distribution from the three algorithms mentioned above with
the ‘tinyarray’ R package. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses were
performed utilizing the ‘clusterProfiler’ R package to predict
the biological functions and related pathways. Kaplan-Meier
analysis to assess the overall survival of patients was performed
with ‘survminer’ and ‘survival’ R packages. Log-rank test was
used to compare the survival curves between the groups.

Cell culture, vectors and transfection. The human cell lines
293 (cat.no. CRL-1573),293T (cat. no. CRL-3216) and US7MG
(cat. no. HTB-14) were obtained from the American Type
Culture Collection (ATCC). Of note, US7MG cells were cells
established likely from GBM of unknown origin. U251MG
cells were purchased from Cell Bank Type Culture Collection,
Chinese Academy of Sciences (Xi'an China) as previously
described (20). 293, 293T, US7MG and U251MG cells were
cultured in high glucose DMEM supplemented with 10% FBS,
100 units/ml penicillin and 0.1 mg/ml streptomycin. All cells
were maintained in a 37°C humidified incubator containing
5% CO,. All experiments were performed using cells within
20 passages after receipt.

For transfection, cells were seeded into cell culture dishes
or plates. When cell confluency reached ~80% within 24 h,
plasmids were transfected into cells by Lipofectamine 3000
transfection reagent at room temperature (for six-well plate,
2.5 ug plasmid in total was used in transfection for each well).
All transfections were carried out with Lipofectamine 3000
(cat. no. L3000001; Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions.

Expression plasmids were generated by inserting the
gene of interest into pCMV6-entry and pcDNA3.1+ C-HA.
pCMVo6-entry and pcDNA3.1+ C-HA were purchased from
OriGene Technologies, Inc. (cat. no. PS100001) and Addgene,
Inc. (plasmid cat. no. 128034), respectively. DYRKI1A
(K179R), PLK2S248A, and PLK2S358A mutant-expressing
plasmids generated by inserting specific sequences into the
pCMV6-entry vector were purchased from Charles River
Laboratories, Inc. pCMV6-entry and pcDNA3.1+ C-HA were
used as negative control vectors in transfection.

Cycloheximide (CHX) chase assay. Cycloheximide was
purchased from MedChemExpress (cat. no. HY-12320). A
CHX chase assay was performed as previously described (21).
Briefly, 293 cells were seeded in six-well plates one day before
transfection. 293 cells were transfected according to the manu-
facturer's instructions. A total of 36 h after transfection, cells
were treated with 150 yg/ml CHX and separately harvested at
0,1,2,4,6,and 8 h for western blotting (WB).

Cell proliferation and viability assay. Cell Counting Kit-8
(WST-8/CCK-8) (cat. no. C0043; Beyotime Institute of
Biotechnology) was used as a convenient and robust way of
performing a cell viability assay. Briefly, cells were suspended
adequately and seeded into 96-well plates at a density
of 5x10° cells/well with 3 replicates a day before the cell
viability assay was performed as follows: The supernatant was
removed, and 100 ul fresh medium containing 10% CCK-8
reagent was added as a working solution at 0, 24, 48, and 72 h
time points. The OD450 and OD650 values of each well were
measured by a microplate reader after the cells were incubated
with working solution for 1.5 h in a 37°C humidified incubator
containing 5% CO,.

Transwell invasion assay. Transwell plates (8-um diameter
pores; Corning, Inc.) were used to determine the invasion
potential of US7MG and U251MG cells. Briefly, the upper
faces of the membranes were precoated with Matrigel (cat
no. 354234; BD Biosciences) at 37°C for 1 h. A total of
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5x10* cells were resuspended in serum-free medium and
transferred into the upper chambers in triplicate. Complete
cell culture media were added to the lower chambers. After
60 h of incubation at 37°C humidified incubator containing
5% CO,, the media were removed, and the cells were fixed
with 4% paraformaldehyde for 20 min at room temperature.
A 0.1% (w/v) crystal violet solution was used for cell staining.
The upper side of the filter was gently wiped with cotton
swabs, and the chamber was air-dried. Representative images
were captured by inverted microscopy. The total number of
cells on ten individual fields for each membrane was counted;
average numbers and standard deviation of invading cells were
calculated.

Wound healing assay. U251MG and U87MG cells were
seeded on a six-well plate and cultured until the cell conflu-
ence reached ~90%. Straight line wounds were created by
scratching a cell monolayer with sterile 100-ul pipette tips.
The medium was gently replaced for the removal of the non-
adherent cells generated during scratching. Cells were then
maintained in serum-free media. The cells migrated slowly
to fill the wound area. Images of the wells were captured
at 0 and 48 h, separately. Wound areas were used to assess
the migration rate of the cells. The results were quantified
and analyzed using ImagelJ 1.53t software (National Institutes
of Health).

mRNA extraction and reverse transcription-quantitative
(RT-q) PCR. Total RNA was extracted from cells by
TRI Reagent following the manufacturer's instructions
(cat. no. T9424; Sigma-Aldrich; Merck KGaA). Reverse
transcription was performed using the PrimeScript™ RT
reagent kit with gDNA eraser (cat no. RR047A; Takara
Bio, Inc.). RT-qPCR assays were performed as previ-
ously described (22). cDNA was synthesized from 1 ug of
total RNA by HiScript III RT SuperMix (cat. no. R323-
01; Vazyme Biotech Co., Ltd.). qPCR was performed
using a LightCycler480II Real-time PCR system [Roche
Diagnostics (Shanghai) Co., Ltd.] with SYBR® Green-based
gene expression analysis. A comparative CT method (2-44¢9)
was used to analyze the gene expression level as previously
described (23). The primers targeting PLK2 for qPCR were
as follows: forward, 5'-CTACGCCGCAAAAATTATTCC
TC-3" and reverse, 5S-TCTTTGTCCTCGAAGTAGTGG
T-3". The internal control of qPCR was beta-actin, with the
following primers: forward, 5-GACAGGATGCAGAAG
GAGATTACT-3' and reverse, 5-TGATCCACATCTGCT
GGAAGGT-3.

Colony formation assay. The colony formation assay is an
in vitro cell survival assay that is used to evaluate the ability
of a single cell to grow into a colony. The colony is defined to
consist of at least 50 cells (24). U25IMG cells were counted
and seeded at 8x10? cells per six-cm plate. Media were
changed every four days. After two weeks, cell colonies were
grown, and the media were removed. Cells were washed with
PBS three times, fixed with 4% paraformaldehyde for 15 min
at room temperature, and stained with 0.1% crystal violet for
30 min. The colonies were counted manually under a micro-
scope and images were captured.
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Immunofluorescence. U251MG cells were fixed with 4%
paraformaldehyde at room temperature for 20 min and immu-
nostained with mouse anti-DYRKI1A (cat. no. WHO0001859M1;
MilliporeSigma) at a dilution of 1:100 and rabbit anti-
PLK2 sequentially at a dilution of 1:100 (cat. no. 14812;
Cell Signaling Technology, Inc.). CoraLite488-conjugated
goat anti-rabbit IgG (H+L) (SA00013-2) and CoraLite594-
conjugated goat anti-mouse IgG (H+L) (cat. no. SA00013-3;
Proteintech Group, Inc.) were used to index and display the
immunofluorescent signals both at a dilution of 1:200. DAPI
(I pg/ml; Roche Applied Science) was applied in mounting
medium to indicate the nucleus. The images were captured
by a fluorescence confocal microscope (LSM880; Leica
Microsystems GmbH). The association analysis was achieved
by ImagelJ 1.53t software.

WB, antibodies, and reagents. Cells were harvested and
washed with ice-cold PBS twice. RIPA lysis buffer (Beyotime
Institute of Biotechnology) mixed with a protease inhibitor
cocktail mixture was used for cell lysis. The protein concen-
tration was determined by a Pierce™ BCA Protein Assay
kit. Protein samples were separated by 10 and 12% glycine
SDS-PAGE. PageRuler pre-stained protein ladder (Thermo
Fisher Scientific, Inc.) was used to indicate protein molecular
weights. Proteins were transferred from the gel to nitrocel-
lulose membranes. The membranes were blocked with 5%
non-fat milk (in 1X Tris-buffered saline with 0.1% Tween®20)
at room temperature for 1 h. The primary antibodies used in
the present study were as follows: anti-FLAG antibody (cat.
no. F1804; MilliporeSigma), HA-Tag antibody (F-7) (cat.
no. sc-7392; Santa Cruz Biotechnology, Inc.), anti-DYRKI1A
antibody (7D10) (cat. no. WHO0001859M1; MilliporeSigma),
anti-GAPDH antibody (cat. no. 60004-1-Ig; Proteintech Group,
Inc.), anti-B-actin antibody (cat. no. A1978; MilliporeSigma),
anti-PLK?2 antibody (cat. no. 14812; Cell Signaling Technology,
Inc.), p-Ser/Phosphoserine antibody (cat. no. sc-81514, Santa
Cruz Biotechnology, Inc.), anti-alpha-synuclein antibody (cat.
no. 66412-1-Ig; Cell Signaling Technology, Inc.) and anti-alpha-
synuclein (phospho S129) antibody (cat. no. ab51253; Abcam).
Secondary antibodies IRDye®680RD goat anti-mouse IgG
(cat. no. 926-68070), IRDye®680RD goat anti-rabbit IgG (cat.
no. 926-68071), IRDye®800CW goat anti-mouse IgG (cat.
no. 926-32210) and IRDye®800CW goat anti-rabbit IgG (cat.
no. 926-32211) were all purchased from LI-COR Biosciences.
Images were acquired by directly scanning the nitrocellu-
lose membranes with LI-COR Odyssey classic imager from
LI-COR Biosciences-U.S. The quantification was performed
by ImageJ 1.53t software. Harmine was purchased from
MedChemExpress (cat. no. HY-NO737A).

Coimmunoprecipitation assay. Coimmunoprecipitation
assays were performed as previously described (22). Briefly,
cells were harvested and lysed in WB and IP cell lysis buffer
containing 20 mM Tris (pH 7.5), 150 mM NaCl, and 1%
Triton X-100 in the presence of a protease inhibitor mixture
(Roche Applied Science). The cell lysate was centrifuged at
22,000 x g at 4°C for 15 min. The supernatant was carefully
retained. Supernatant containing 100 pg protein was saved and
used as input. Primary antibodies and protein A/G-agarose
beads (Santa Cruz Biotechnology, Inc.) were added to the
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supernatant and maintained on a tube rotator at 4°C for 4 h.
Mouse IgG (Beyotime Institute of Biotechnology) was applied
as a negative control. Samples were analyzed by 10% glycine
SDS-PAGE.

Lentivirus production and transduction. The lentivirus vectors
were prepared based on the 2nd generation system. Lentiviruses
were produced by transfection of 293T cells with three plas-
mids together, pLent-EFla-FH-CMV-Puro (pLV100008-OE,;
WZ Biosciences) carrying the gene of interest, pMD2. G (cat.
no. 12259; Addgene, Inc.), and psPAX?2 (cat. no. 12260; Addgene,
Inc.) packaging constructs. 293T cells were plated in 100-mm
dishes to reach 70-90% confluency by the time of transfection.
The transfection was performed at room temperature with the
vectors of pLent-EF1a-FH-CMV-Puro (10 ug), pMD2. G (5 pg)
and psPAX2 (10 ug) for each 100-mm cell culture dish. Media
were refreshed after 12 h of transfection (10 ml for each 100-mm
dish). A total of 48 h after transfection, the lentivirus-containing
supernatant was collected and filtered with 0.45 pym filters to
isolate the lentiviral particles for the following infection. These
lentiviruses were introduced into US§7MG and U251MG cell
lines on Day 2 of culture at a volume ratio of 1:5. The cell
culture media were replaced with fresh media within 24 h of
infection and incubated for 5 days before further experiments.
Stable clones transduced with PLK2, DYRKIA, shPLK?2 and
scramble control were selected for 10 days by puromycin at
the concentration of 2 pg/ml. Lentiviral particles packaging
human PLK?2 and DYRKIA are based on the sequences of
QIONYY3 and Q13627-2, respectively, in the UniProt database
(https://www.uniprot.org/). Lentiviral particles packaging the
shRNA targeted PLK2 (5"-TAGTCAAGTGACGGTGCTG-3')
and the scramble control (5"TTCTCCGAACGTGTCACGT-3").

Dephosphorylation assay. Cell lysate samples containing
100 ug protein were incubated with thermosensitive alkaline
phosphatase (AP; cat. no. EF0651; Thermo Fisher Scientific,
Inc.) at 37°C for 30 min. Then, the sample was placed into
a 75°C metal bath for 5 min to deactivate AP. Samples were
analyzed by WB.

Statistical analysis. Data are presented as the mean + standard
deviation (SD) from three independent experiments. For immu-
noblotting, one representative picture is shown. Quantifications
from three independent experiments are defined with blot
density by ImageJ 1.53t software. Differences between two
groups are determined by unpaired Student's t-test. Two-way
ANOVA followed by Tukey's post hoc test was applied for
multiple comparisons of the protein level change at different
time point for CHX assay. The data are evaluated for statis-
tical significance with analysis of variance or non-parametric
analysis by Prism 7 (Dotmatics). P<0.05 was considered to
indicate a statistically significant difference.

Results

PLK?2 is downregulated in GBM and significantly associated
with prognosis. PLK2 exhibits widespread dysregulation
across multiple cancer types. The expression of PLK?2 in tumors
and normal tissues was explored on TIMER2.0 (Fig. 1A). To
improve understanding of the expression of PLK2 in GBM,

three differential expression analyses were conducted between
tumor tissues and normal brains in the TCGA-GBM cohort.
DEGs in the TCGA-GBM cohort were visualized using
Volcano plots (Fig. 1B). As indicated, PLK2 was markedly
downregulated in GBM tissues compared with normal brains
(Fig. 1B and C). The downregulation of PLK2 in tumor tissues
was further confirmed in the GSE68848 and GSE4290 datasets
(Fig. 1D and E, respectively). In addition, PLK?2 expression was
considered to be associated with the OS of GBM patients (6).
Function analysis was performed with common upregulated
and downregulated genes (Fig. S1). GO analysis suggested
that features relevant to tumor malignancy are promoted, such
as positive regulation of cell adhesion, focal adhesion and
extracellular matrix structural constituent (Fig. S1A). KEGG
analysis revealed upregulation of classic pathways associated
with tumor growth, including ECM-receptor interaction,
cell adhesion molecules, and transcriptional misregulation
in cancer (Fig. S1B). Kaplan-Meier analysis followed by the
log-rank test was performed to assess OS. The OS of patients
evidently exhibited that high expression of PLK2 was strongly
associated with poor prognosis in both the TCGA-GBM cohort
and GSE16011 dataset (Fig. 1F and G). It should be noted that
PLK2 expression is lower in tumor tissues, but low PLK?2
expression predicts favorable prognosis. Due to the inconsis-
tency of PLK?2 expression and prognosis value, pathways and
functions predicted by function analysis may not be markedly
suggestive. This seemingly paradoxical finding suggests that
other unidentified mechanisms may regulate PLK2 in GMB
pathogenesis, warranting further investigation.

DYRKIA modulates PLK2 protein levels in a kinase activity-
dependent manner. PLK2 is mainly involved in cellular
biofunctions by direct phosphorylation of specific substrates.
However, the critical role of phosphorylation in its kinase
activity remains poorly understood (25). Endogenous PLK2
protein in 293 cells is extremely low and could be barely
detected by WB. Hence, 293 cells were only used for detection
of exogenous PLK?2 after transfection. In the present study,
DYRKIA and PLK2 expression vectors were transfected into
293 cells and it was found that overexpression of DYRKIA led
to a significant increase in exogenous PLK?2 protein levels by
~5.6-fold compared with the control, while PLK2 mRNA levels
remained relatively unchanged (Fig. 2A and B). To confirm
that endogenous PLK?2 protein is also regulated by DYRKI1A,
a DYRKI1A-expressing vector was transfected into two GBM
cell lines. The results revealed that PLK2 protein levels were
increased to 180+1.0 and 147+1.3% upon DYRKIA overex-
pression compared with the controls in US7MG cells and
U251MG cells, respectively (Fig. 2C and E). Meanwhile, PLK?2
mRNA was relatively unchanged upon DYRKIA overexpres-
sion in both cell lines (Fig. 2D and F). These results suggested
that DYRKIA likely exerts post-translational regulation on
PLK2. As a protein kinase, DYRK1A is commonly involved
in cellular processes by phosphorylation on specific substrates.
It was then explored whether PLK?2 is phosphorylated by
DYRKIA. As expected, the phosphorylation and total levels
of PLK2 were both upregulated in the presence of DYRKI1A
(Fig. 2G). DYRK1A-mediated PLK2 phosphorylation was
mostly eliminated by treatment with AP (Fig. 2H). A previous
study found that the substituted mutant with Arg in place of
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Figure 1. PLK2 is differentially expressed in GBM and is significantly associated with prognosis. (A) PLK2 expression analyzed in tumors and corresponding
normal tissues in the TIMER?2.0 database. (B) Volcano plot of differentially expressed genes between 169 GBM samples and 5 normal brain samples identified
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Figure 2. DYRK1A modulates PLK?2 protein levels in a kinase activity-dependent manner. (A) 293 cells were cotransfected with the PLK2 expression vector
together with the DYRKIA expression vector or the control vector. PLK2 and DYRKI1A were detected by anti-Flag antibody and anti-DYRKIA antibody,
respectively (n=3). (B) Cells and transfection conditions were the same as in panel A. RNA was isolated 48 h after transfection. RT-qPCR was performed to
examine PLK2 mRNA expression (n=3). Results were normalized to the control group. (C and E) (C) U87MG and (E) U251MG cells were transfected with the
DYRKIA expression vector or the control vector. PLK2 and DYRKIA proteins were examined. (D and F) Cells and transfection conditions were the same as in
panels C and E. PLK2 mRNA expression in (D) US87MG and (F) U251MG cells was detected by RT-qPCR (n=3). (G) Co-immunoprecipitation was performed
on 293 cells transfected with PLK2 and DYRK1A/control expression vectors. p-PLK2, PLK2, and DYRKIA were detected by WB (n=3). (H) A dephosphory-
lation assay was performed on 293 cells transfected with PLK2 and DYRKIA expression vectors. PLK2 was pulled down by immunoprecipitation with an
anti-Flag antibody and blotted with an anti-p-Ser antibody. Cell lysates were maintained with alkaline phosphatase at 37°C for 30 min for dephosphorylation.
p-PLK2,PLK2, and DYRKIA were detected by WB (n=3). (I) US7MG cells were transfected with a kinase-dead mutant of DYRK1A (K179R) and the control
vector. Endogenous PLK2 and DYRKI1A proteins were examined by WB (n=3). "'P<0.05. DYRK1A, dual specificity tyrosine-phosphorylation-regulated
kinase 1A; PLK2, polo-like kinase 2; RT-qPCR, reverse transcription-quantitative PCR; WB, western blotting; p-, phosphorylated; NS, not significant.

Lys179 (K179R) in DYRKI1A disrupts the direct interaction =~ PLK2 phosphorylation, the DYRKI1A kinase inactive K179R
with ATP. The K179R mutant of DYRKIA is kinase-inactive, = mutant vector was transfected into US7MG cells. In contrast
and its autophosphorylation ability is impaired (26). To further  to wild-type DYRKI1A, the DYRK1A K179R mutant failed
validate that the kinase activity of DYRKIA is essential for  to induce PLK?2 protein accumulation (Fig. 2I). These results
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demonstrated that DYRKI1A increases PLK?2 protein levels in a

kinase activity-dependent manner by directly phosphorylating
PLK2.

DYRKIA interacts with PLK?2 in glioma cells. To validate
whether DYRKI1A directly interacts with PLK2, co-immu-
noprecipitation was employed. The results demonstrated that
PLK2 can pull down DYRK1A in 293 cells (Fig. 3A). Similarly,
DYRKI1A was able to pull down PLK?2 as well (Fig. 3B). To
further explore the interaction of endogenous DYRKIA and
PLK2, co-immunoprecipitation was performed in U87MG and
U251MG cells. A significant interaction between DYRKI1A
and PLK?2 was observed in both cell lines (Fig. 3C and D).
Immunofluorescence was then performed to confirm the intra-
cellular localization of DYRK1A and PLK2. PLK?2 scattered
in both the nucleus and cytoplasm, while DYRKI1A mainly
stayed in the nucleus (Fig. 3E). Colocalization analysis showed
that they were predominantly colocalized in the U251MG cell
nucleus.

Identification of phosphorylation sites in PLK2 by
DYRKIA. It was previously found that a large proportion of
DYRKI1A-recognized substrates contain a consensus RPX(S/T)
P motif (27). To identify the potential phosphorylation sites on
PLK?2, sequence alignment with RPX(S/T)P was performed
using the Clustal Omega alignment tool (https:/www.ebi.
ac.uk/Tools/msa/clustalo/). As shown in Fig. 4A, two highly
conserved sites, Ser248 and Ser358, were revealed in the
PLK?2 coding region. Substituted mutants of PLK2 S248A
and S358A were constructed and employed to further validate
whether Ser248 and Ser358 are phosphorylated by DYRKI1A.

The results revealed that, consistent with wild-type PLK2,
PLK2 S248A mutant protein was significantly increased by
DYRKI1A. However, the PLK2 Ser358A mutant had only a
mild increase upon DYRKI1A overexpression (Fig. 4B and C).
These results indicated that Ser358 in PLK2 may be the
phosphorylation site induced by DYRKIA.

Phosphorylation at Ser358 increases PLK2 protein stability.
The impact of phosphorylation on protein stability is an
important regulatory mechanism of post-translational modifi-
cations. To explore whether phosphorylation of PLK2 induced
by DYRKIA affects its protein stability, a CHX assay was
conducted. A previous study revealed that PLK?2 is degraded
rapidly, with a half-life of ~15 min (28). Nevertheless, in the
present study it was demonstrated that PLK2 protein is still
detectable even after treatment with CHX for 8 h. Within 8 h,
degradation of PLK2 was significantly slower in the pres-
ence of DYRKIA than in the control (Fig. 5A). Similarly,
the phosphorylation-mimicking mutant PLK2S358D also
exhibited decelerated degradation compared with wild-type
PLK2. By contrast, PLK2S358A manifests remarkably
accelerated degradation. These data demonstrated that
DYRKI1A-mediated PLK2 phosphorylation plays a crucial role
in regulating PLK?2 protein stability. Harmine is a potent and
selective natural DYRK inhibitor that is commonly applied
to deactivate DYRKI1A kinase activity (29,30). Harmine
was employed to further validate whether DYRK1A kinase
activity is vital for PLK2 protein stability. The results revealed
that treatment with harmine resulted in slower degradation of
endogenous PLK2 compared with DMSO treatment (Fig. 5B).
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significant.

Taken together, the findings of the present study demonstrated
that DYRK1A-mediated phosphorylation may increase PLK?2
protein stability in vitro.

Enhancement of PLK2 kinase activity by DYRKIA. PLK?2
kinase activity is vitally crucial for substrate phosphoryla-
tion. To investigate whether PLK?2 kinase activity was
impacted by DYRKI1A, PLK?2 kinase activity was examined
by detecting a-synuclein Ser129 phosphorylation. a-synuclein
is widely acknowledged as a specific substrate of PLK2.
PLK?2 overexpression markedly increases phosphorylation of
a-synuclein at Serl29 and promotes abnormal aggregation of
a-synuclein (31,32). Hence, a-synuclein Ser1 29 phosphorylation

could be used as an indicator of PLK?2 kinase activity. Notably,
both DYRKI1A and PLK?2 increased a-synuclein accumula-
tion compared with the control (Fig. 6A). Consistent with the
previous studies (31,32), PLK?2 robustly induces a-synuclein
Ser129 phosphorylation. However, DYRKI1A introduction
alone was not able to induce a-synuclein Serl129 phosphoryla-
tion (Fig. 6A). Notably, a-synuclein Ser129 phosphorylation
was significantly increased in the presence of both PLK?2 and
DYRKIA compared with PLK?2 alone (Fig. 6B). This result
suggested that the increase in a-synuclein Ser129 phosphory-
lation may be attributed to the enhancement of PLK?2 activity
induced by DYRK1A. Further analysis using phosphorylation-
null mutant PLK2 S358A and phosphorylation-mimicking
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specificity tyrosine-phosphorylation-regulated kinase 1A.

mutant PLK?2 S358D was applied for comparison. Compared
with wild-type PLK2, PLK?2 S358A had significantly reduced
a-synuclein Ser129 phosphorylation. Conversely, PLK2
S358D significantly elevated a-synuclein Serl129 phosphoryla-
tion (Fig. 6C). Taken together, these data demonstrated that
Ser358 of PLK2 is critical for PLK?2 kinase activity and can be
modulated by DYRKIA.

DYRKIA-mediated phosphorylation attenuates prolifera-
tion and migration/invasion in GBM cells. Previous studies
revealed that PLK2 and DYRKIA are highly correlated with
GBM malignancy (7,33). Whether their interaction contributes
to GBM properties has yet to be uncovered. In the present study,
in vitro cell viability assays as well as colony formation assays
were first performed on U87MG and U251MG stable cells.
The results indicated that PLK?2 introduction significantly
impaired cell viability, while PLK?2 silencing had the opposite
effect. The introduction of PLK2 together with DYRKIA
further suppressed cell viability compared with introducing
PLK?2 alone (Fig. 7A). Moreover, PLK?2 overexpression signifi-
cantly decreased cell self-renewal, which was even weakened
in the presence of DYRKIA in U251MG cells (Fig. 7B). It
is noteworthy that US7MG cells are incapable of growing
into colonies with such few cells for colony formation assay.

U87MG cells can grow colonies only if cell confluency reaches
50% or more. Migration and invasion are essential processes
in GBM progression; thus, it was then investigated whether
the interaction of PLK2 and DYRKI1A affects these processes
in GBM cells. The wound healing assay results demonstrated
that the migratory ability of US7MG and U251MG cells was
significantly decreased upon PLK2 overexpression and further
attenuated in the presence of PLK2 together with DYRKI1A
(Fig. 7C). Additionally, the invasion potential of both cell lines
was determined by the Transwell invasion assay. DYRKI1A
significantly enhanced the suppression of invasion induced by
PLK?2 in US7MG and U251MG cells (Fig. 7D). Collectively,
these data indicated the potential roles of DYRK1A-mediated
PLK?2 phosphorylation in regulating glioma cell malignancy
(Fig. 8).

Discussion

The involvement of PLKSs in various cancer types has been
extensively studied, including their potential as therapeutic
targets in GBM, where PLK?2 has been identified as a novel
prognostic biomarker (6). Hypermethylation of PLK?2 has been
implicated in GBM prognosis (34). PLK2 commonly serves as
a tumor suppressor, and the expression of PLK?2 is frequently
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lower in multiple types of cancer, including GBM. Strikingly,
it was identified that a high level of PLK?2 was still positively
correlated with poor prognosis. These results indicated that
uncharacterized regulatory mechanisms may be involved.
The tumorigenic role of PLK2 is intricate and multi-
faceted. PLK2 dysregulation has been observed in various
cancer types and is considered to play pivotal roles in cancer
pathogenesis. For instance, partial or complete loss of PLK2
expression commonly occurs in colorectal carcinomas and
impacts mTOR signaling (35). Silencing PLK?2 leads to
increased cell proliferation and decreased apoptosis in gastric
cancer cells (36). PLK2 mRNA and protein expression are
simultaneously low in hepatocellular carcinoma and are posi-
tively correlated with patient OS (37). In addition, PLK?2 is
hypermethylated in a high percentage of patients with multiple
myeloma and B-cell lymphoma (38). Of note, PLK?2 expres-
sion is exceedingly suppressed in GBM samples, particularly
in temozolomide-resistant GBM. Reduced PLK?2 expression
enhances temozolomide resistance in GBM by activating Notch
signaling. Meanwhile, upregulation of PLK2 decreased GBM
cell malignancy (7), which is in line with the present results. In
the present study, it was found that PLK2 could interact with
DYRKI1A and be phosphorylated by it in vitro. A previous
study showed that four phosphorylation sites, including Ser497,
Ser588, Tyr590 and Ser299, affect PLK?2 protein stability (25).
It was observed that DYRK1A-mediated phosphorylation
increased PLK?2 protein levels by decelerating its degradation,
further addressing the critical role of PLK2 phosphorylation
in PLK?2 protein stability. Introduction of DYRKIA in the

presence of PLK2 further attenuates proliferation, migration
and invasion of GBM cells in vitro, underscoring the substan-
tial contribution of DYRK1A-mediated PLK2 phosphorylation
in GBM cell malignancy.

The functional importance of PLK2 kinase activity has
been extensively studied. PLK2 has been found to phos-
phorylate PLK1 at Ser-137, which is sufficient to mediate
the survival signal in colon cancer cells, highlighting the
important role of PLK?2 kinase activity in cell growth (39).
In addition, PLK?2 phosphorylates CPAP at S589 and S595,
impacting procentriole formation during the centrosome
cycle (40). In the central nervous system, PLK2 phosphory-
lates alpha-synuclein at Ser129, rendering alpha-synuclein one
of the major substrates of PLK2 (41). In the present study, it
was revealed that the S358A mutant of PLK?2 has no effect
on alpha-synuclein Ser129 phosphorylation, whereas the
phospho-mimicking mutant PLK2S358D enhances alpha-
synuclein Ser129 phosphorylation. These results demonstrated
that the phosphorylation of Ser358 induced by DYRKIA
tightly regulates PLK2 kinase activity.

The role of DYRKI1A in the pathogenesis of multiple types
of cancer is controversial. DYRKI1A plays a tumor-promoting
role in acute megakaryocytic leukemia in Down's syndrome
models (42), B-cell acute lymphoblastic leukemia (14), neuro-
blastoma (43), pancreatic ductal adenocarcinoma (44), ovarian
cancer (45), non-small cell lung cancer (46,47), bladder
cancer (48) and head and neck squamous cell carcinoma (49).
Conversely, DYRK1A exerts a tumor suppressive effect in acute
myeloid leukemia (50). Notably, DYRK1A appears to act as a
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double-edge kinase in GBM and osteosarcoma (11,51-54). In
the present study, differential expression of DYRKI1A was not
observed in GBM. Nevertheless, an antitumoral capacity of the
DYRKI1A/PLK2 axis in regulating the biological processes of
GBM cells was revealed. DYRKI1A enhances PLK2-induced
cell growth inhibition by phosphorylating PLK2 at Ser358, a
critical site responsible for kinase activity. DYRK1A-mediated
PLK2 phosphorylation attenuates cell migration and invasion.
Of note, introduction of DYRKI1A alone may facilitate GBM
cell growth (data not shown). However, it was observed that
the co-expression of PLK2 and DYRKI1A suppresses tumor
cell malignancy. Numerous selective DYRK inhibitors for
cancers, including GBM, have been described in previous
studies (11,51,55,56). None of the DYRK1A inhibitors have
been approved for clinical use in GBM, although certain
of them show promising effects in clinical studies (51,57).
Therefore, the present study enriched the possible mechanism
of DYRKI1A in GBM pathogenesis.

Further investigation is required to fully comprehend the
potential therapeutic applications of PLK2. PLK2-mediated
TAp73 phosphorylation prevents TAp73 activity, which confers
an invasive phenotype through activation of POSTN (58,59).
Nevertheless, how the DYRK1A/PLK2/TAp73 axis func-
tions in GBM remains unknown. In addition, the potential
damage to healthy brain tissue caused by radiation therapy
against GBM, such as inflammation and necrosis, is a major
concern. Radiation-induced necrosis has been reported to
affect over 30% of patients with GBM (60-62). A previous
study has shown that PLK2-mediated phosphorylation and
translocation of Nrf2 activates anti-inflammatory effects via
p53/Plk2/p21°P! signaling in acute kidney injury (63). Nrf2 is a
critical regulatory factor that helps GBM tumors maintain low
immunogenicity and antiapoptotic proliferative phenotypic
characteristics (64). Therefore, it is worthwhile to investigate
whether the DYRK1A/PLK2/Nrf axis is involved in GBM
immunogenicity regulation.
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